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. Pdr1p and Pdr3p recognize the same DNA consensus motif (PDRE for pleiotropic drug response element) that has been found upstream of the majority of Pdr1p/Pdr3p-regulated genes. A feature unique to the PDR3 gene was the presence of two PDREs in its promoter (Delahodde et al. 1995) . This autoregulatory input was found to be essential for normal function of PDR3 and is a key component for the regulated expression of this gene (Delahodde et al. 1995; Zhang and Moye-Rowley 2001) .
The Pdr1p function was found to be stimulated by Hsp70p, Ssz1p and Zuo1p by direct binding to this transcription factor (Hallstrom et al. 1998; Ducett et al. 2013 ). An interesting link betwen Pdr1p and the protein folding/degradation came from the finding that the gene encoding the key proteasomal transcriptional regulator Rpn4p is a transcriptional target of Pdr1p (Devaux et al. 2001; Owsianik et al. 2002) . Thakur et al. (2008) proposed that Pdr1p/Pdr3p can act as xenobiotic receptor proteins. Their data support the notion that direct binding of drug leads to remodeling of the protein to a more potent transcriptional activator.
Another transcriptional regulator found to influence MDR in yeast, was the basic region-leucine zipper (bZip)-containing factor Yap1p that regulates most of the known antioxidant genes and plays a major role in the adaptive response to oxidative stress (Rodriguez-Pousada et al. 2010) . Most of the drug resistance effects caused by this transcription factor occur when the protein is overproduced. Drugs that act through a D r a f t 5 redox reactions are a key differential point between both yeast species (Lamas-Maceiras et al. 2007 ). Unlike S. cerevisiae, K. lactis did not undergo a whole genome duplication (WGD) and has lower redundancy of genes involved in metabolism and signalling compared to S. cerevisiae (Bussereau et al. 2006; González-Siso et al. 2009; Rodicio and Heinisch 2013) . K. lactis has emerged as one of the most important yeast species not only for basic research but also for industrial biotechnology. Because K. lactis rapidly achieves high culture densities and produces high yields of recombinant proteins, it has been used to produce proteins on an industrial scale in the food and feed industry for the past two decades (van Ooyen et al. 2006 , Spohner et al. 2016 . The ability to tolerate multiple stresses is a highly desirable phenotype in organisms used as cell factories ( Teixera et al. 2011) . It is, thus, crucial to understand the molecular the molecular basis underlying this phenomenon to be able to circumvent it or to explore it to design more robust industrial strains. In K. lactis only a handful of proteins involved in multidrug resistance have been characterized so far (Chen 2001; Takacova et al. 2004; Gbelska et al. 2006; Balkova et al. 2009; Goffa et al. 2014) . Recently, we have characterized the KlPdr1p, the only homolog of ScPdr1p/ScPdr3p transcriptional regulators in K. lactis and have made in silico predictions based on the occurence of transcription factor recognition sequences in the KlPdr1p target gene promoters (Balkova et al. 2009; Hervay et al. 2011) . To better understand how KlPDR1 mediated drug resistance is achieved in K.
lactis, in this study we explored the transcriptional response of K. lactis to identify genes whose expression was affected by deletion or presence of the hyperactive KlPdr1*p containing the L273P gain-of-function mutation (Balazfyova et al. 2013) . We looked also for the possible interplay between KlYap1p, transcription factor playing a central role in oxidative stress defence, and KlPdr1p, transcription factor involved in K. lactis multidrug resistance development. 
Materials and methods

Strains and culture conditions
The following yeast haploid strains were used: K. lactis PM6-7A (MATa uraA1 ade2 Rag + pKD1 + ) (Chen et al. 1992) , as well as their isogenic mutant strains K. lactis PM6-7A/pdr1∆ (MATa, uraA1, ade2, pdr1::kanMX et al. 1997) . Cells were grown on glucose-rich (YPD) medium (2% glucose, 1% yeast extract, 2% bactopeptone), or minimal (YNB) medium containing 0.67% yeast nitrogen base without amino acids and appropriate nutritional requirements. The media were solidified with 2% bactoagar. The Escherichia coli XL1-Blue strain was used as a host for plasmid constructions and propagation. The bacterial strains were grown at 37 °C in Luria-Bertani (LB) medium (1% tryptone, 1% NaCl, 0.5% yeast extract, pH 7.0) supplemented with 100 µg ml -1 ampicillin for selection of transformants.
Oligonucleotides used in this work were purchased from Microsynth (Balgach/Switzerland) and are listed in Table 1 .
Construction of the K. lactis yap1∆pdr1∆ mutant strain
A linear DNA fragment (3073 bp) containing the disruption cassette Klpdr1::kanMX (Balkova et al. 2009 ) was used to transform the K. lactis strain MW179-1D/yap1∆. After transformation, cells were selected in YPD supplemented with 200 µg ml -1 geneticin. Two rounds of re-plating on YPD containing geneticin were done to eliminate the false positives.
The correct replacement in the K. lactis genome was verified by PCR using pairs of specific primers (Tab. 1). Genomic DNAs isolated from the parental MW179-1D/yap1∆ and the D r a f t 7 deletion mutant candidates were amplified with two pairs of primers. Internal primers, P2 and P5, were designed for annealing inside the kanMX and external primers P1 and P3, were designed in the sequence of the K. lactis genome, flanking to KlPDR1.
Genetic manipulations, transformations and DNA preparations
Standard protocols for generating recombinant DNAs, the restriction enzyme analyses, gel electrophoresis and hybridization were used (Sambrook et al. 1989) . Plasmid DNA from E.
coli was prepared by the alkaline-lysis method. K. lactis strains were transformed by electroporation (Sánchez et al. 1993 ) using Bio-Rad gene pulser at 1.0 kV, 25 µF and 400 Ω in 0.2 cm cuvettes.
Drug susceptibility testing
Yeast cultures were grown overnight in YNB containing glucose, diluted to a density of 1.0 x 10 7 cells ml -1 and 10-fold dilutions were performed. Cell suspensions in 5 µl aliquots were spotted onto YPD plates containing drugs. The growth was scored after 3 days of incubation at 28 °C.
β-glucuronidase reporter assay
The K. lactis transformants expressing the P KlPDR1 -gusA or P KlPDR5 -gusA fusion constructs were grown in selective YNB medium and exposed to 0.025 µg ml -1 of ketoconazole for 60 min. Enzyme activity was measured in permeabilized cells as described previously (Imrichova et al. 2005) .
Quantitative real-time PCR
Yeast cells were grown in minimal medium containing glucose to the mid-logarithmic phase.
Total RNA was isolated by the hot acidic phenol extraction method (Ausubel et al. 1989 (Smyth 2005) . Briefly, the two-color GPR files were imported using the read.maimages() function, background-substracted using the "minimum" method and withinarray-normalized using the "loess" method. The between-array normalisation was achieved using the "Aquantile" method. For further analysis, only genes with ‫|‬log2FC‫2˃|‬ were selected and confirmed using qPCR.
Microarray data accession number
Microarray data can be found at the Gene Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo) under the series number GSE76160.
Results
Transcriptional response of K. lactis to alterations in the KlPDR1 expression
Information of the role of KlPdr1p in K. lactis multidrug resistance is still fragmentary and important insight may be obtained if one could identify the complete set of genes controlled by KlPdr1p. We decided to search for genes differentially expressed in the D r a f t 10 presence or in the absence of KlPdr1p using DNA microarrays. To amplify the sensitivity of the screen we used the cDNA from the K. lactis wild-type cells, transformant containing the gain-of-function allele KlPDR1* on multicopy plasmid that led to amino acid substitution (L273P) in the KlPdr1p (Balazfyova et al. 2013 ) and the isogenic deletion mutant Klpdr1∆.
We hoped that the identification of differentially expressed genes in these cell types will provide a first information on the KlPdr1p target genes. Compared with wild-type cells, the mRNA levels for 16 genes were significantly higher in the transformant overexpressing KlPDR1* and simultaneosly lower in the Klpdr1∆ deletion mutant (cutoff value 1.0; p<0.01;
fold change >2). Table 2 sumarizes this analysis. The differentially expressed genes could be grouped into three main categories: transport, post-translational modification and cytoskeleton. There were 57 genes at least two-fold upregulated in the KlPDR1* overexpressing strain compared with wild-type cells (Table 3) . As expected, the gene designated KLLA0F21692g encoding KlPdr5p, the main drug efflux pump belonging to ABC transporter superfamily was upregulated. Amongst the genes with the mRNA level at least two-fold higher in the KlPDR1* overexpressing strain were orthologues of S. cerevisiae ERG6 (KLLA0A01738g), encoding the delta(24)-sterol-C-methyltransferase converting zymosterol to fecosterol in the ergosterol biosynthesis, FAS2 (KLLA0C15983g), encoding the α subunit of fatty acid synthase and the PLB1 (KLLA0C05940g) encoding phospholipase B.
Thus, the results obtained suggest that the lipid composition of the plasma membrane is one of the key determinants of multidrug resistance in K. lactis similarly as it is proposed for S.
cerevisiae (Kolaczkowska et al., 2012; Kodedova and Sychrova 2015) and Candida albicans (Mukhopadhyay et al. 2002; Pasrija et al. 2005) .
The additional upregulated genes in the KlPDR1* overexpressing transformant are involved in functional categories of transcription, translation, intracellular trafficking, signal transduction and defense mechanisms. The 16 genes for which transcript levels were at least D r a f t 11 two-fold lower in the Klpdr1∆ deletion mutant compared with the wild-type cells are summarized in Table 4 . These genes are enriched in functions related to translation/protein fate, transport and defense mechanisms. Taking together, the microarray analyses have shown that processes related to translation are particularly responsive to the absence of KlPdr1p.
Besides the 16 genes for which the transcript level changed, positively or negatively, by more than two-fold in response to the presence/absence of the KlPdr1p, several genes showed smaller effects on transcript levels. Some of these might turn out to be significant targets when tested under different physiological or genetic conditions.
The MEME software suite version (Bailey et al 2009) was used in this study to search for shared common upstream sequences in the promoter regions of 16 genes that were upregulated in the presence of KlPDR1* gene and simultaneously downregulated in the absence of KlPdr1p. A search in the promoter regions (defined for this purpose as 800 bp immediately upstream from ATG translation start codon of the ORF), allowed us to identify 2 different
T(C)C(T)CT(A)T(C)T(A)GC(T)TTC(T)
. Although, they does not show any similarity to the four types of PDREs described in S. cerevisiae by DeRisi et al. (2000) . Taking advantage of the evolutionary relatedness of K. lactis to S.
cerevisiae, we searched the promoter region of each gene listed in Table 2 for a match to the consensus S. cerevisiae YRE, STRE, PDRE and the Stb5p binding site according to information gathered in YEASTRACT database (Monteiro et al. 2008 ).
This analysis detected a site closely related to S. cerevisiae PDRE only in the KLLA0F10857g promoter (Table 5 ), suggesting that it may be the direct target of KlPdr1p. In most genes, however, putative YRE and Stb5p binding sites were identified.
D r a f t
Role of KlYap1p in K. lactis QDR1, ENA5, VCX1 and ARF2 orthologs gene regulation
Since the promoters of the four genes above contain putative YRE motifs (Table 5), we also analysed the contribution of KlYap1p to their expression. The transcript level of four selected genes were determined using qPCR in the parental wild-type, the Klyap1∆ and the Klpdr1∆yap1∆ mutant strains. As shown in Fig. 1 activation by hydrogen peroxide (Fig. 1.) . Both genes shared a common expression pattern in the presence or in the absence of hydrogen peroxide in all three strains analysed (wild-type, Klyap1∆ and Klpdr1∆yap1∆ mutant).
KlYap1p influences the K. lactis susceptibility to antifungal azoles
Based on the presence of one PDRE-like (Balkova et al. 2009) 
Role of KlYap1p in KlPDR1 gene regulation
Since the KlPDR1 gene promoter contains putative YRE-like motifs ( Fig. 2A) , we also analysed the contribution of KlYap1p to its expression (Fig. 3A) . KlYap1p does not seem to contribute to the regulation of the KlPDR1 gene expression neither in the absence nor in the presence of the ketoconazole as the deletion of KlYAP1 gene did not significantly affect the amount of the KlPDR1 mRNA. However, in the presence of hydrogen peroxide (1mM) activating KlYap1p, significantly increased expression of KlPDR1 was observed in the wildtype strain and attenuated in the Klyap1∆ mutant (Fig. 3A) . These results demonstrate that the KlPDR1 expression responds to oxidative stress and requires the presence of KlYap1p.
To futher investigate the possible role of YRE motif in the KlPDR1 promoter, a β-glucuronidase assay was set up. The KlPDR1 promoter region was fused to the gusA gene (P KlPDR1 -gusA) and the construct was introduced into the wild-type cells, the Klyap1∆ deletion mutant and the Klpdr1∆yap1∆ double deletion mutant. As the Fig 3B shows We propose a functional connection of the KlYap1p activity with multidrug resistance network in K. lactis. KlYap1p could act either in concert with KlPdr1p on a common gene or participates in the sequential activation of an unknown target gene. It became clear that other transcription factors whose function is not primarily linked to multidrug resistance, are also involved in the transcription control of drug efflux pumps. In S. cerevisiae, Yap1p confers diazaborine resistance via the functional PDR3 gene (Wendler et al. 1997; Teixeira et al. 2010 ). Yap1p has been found to be required also for the stress-regulated expression of some genes through the STRE element and a cross-talk could exist between the apparently separate 
